This chapter introduces the thermal conductivity of a novel one-dimensional carbon nanostructure -diamond nanothread. It starts by introducing the family of the diamond nanothread as acquired from density functional theory calculations and also its successful experimental synthesisation. It then briefs the mechanical properties of the diamond nanothreads as a fundamental for their engineering applications. After that, it focuses on the thermal transport properties of the diamond nanothreads by examining the influences from various parameters such as size, geometry, and temperature. Then, the application of diamond nanothread as reinforcements for nanocomposites is discussed. By the end of the chapter, future directions and their potential applications are discussed.
XX.1 Introduction
Past decades have witnessed huge interests from both scientific and engineering communities in the one-dimensional (1D) carbon-based nanostructures, such as sp 3 diamond nanowire [1] , sp 2 carbon nanotube (CNT) [2] , and carbyne [3, 4] . Their excellent chemical and physical properties have enabled them as versatile and excellent integral parts for the next generation of devices [5, 6] or multifunctional materials [7] .
For the sp 2 CNTs, their unprecedented properties have made them ideal building blocks for composite materials, nano-fibers/yarns [8] [9] [10] , thin films and nanoelectromechanical systems. Researchers reported that CNT-based mechanical
resonators have a quality factor as high as 5 million [5] . Diverse commercial products incorporating bulk CNT powders ranging from rechargeable batteries, automotive parts and sporting goods have already emerged [11] . In the other hand, the sp 3 bonded diamond nanowires, which possess unique features, such as negative electron affinity, chemical inertness, good biocompatibility, are also receiving a continuing research focus [12] . Extensive applications have been proposed for diamond nanowires, including energy absorbing material under UV laser irradiation [13] , high efficiency single-photon emitters (with stable and room-temperature operation) [14] , and DNA sensing [15, 16] .
The attractive usages have motived researchers to seek effective ways to fabricate/synthesis different 1D carbon nanostructures [17, 18] , especially the ultra-thin thread-like sp 3 C-H polymers. Very recently, a novel 1D sp 3 diamond nanostructure is synthesised from slow decompression of crystalline benzene, termed as diamond nanothread (DNT) [19] . Benefiting from their different structures, various promising applications have been expected. In this chapter, we will first introduce the big family of diamond nanothreads as evidenced from first principle calculation, and then introduce the experimental success for one kind of the diamond nanothreads. A concise introduction of their intriguing mechanical properties will be presented. Afterwards, their thermal conductivity as acquired from atomistic simulations will be discussed, followed by the discussion of their applications as reinforcements in nanocomposites.
Some concludes and future directions will be given in the end of this chapter.
XX.2 Different Diamond Nanothreads and the Synthesisation

XX.2.1 The diamond nanothread family
The diamond nanothreads (DNTs) are obtained from the compression of crystalline benzene. Before the recent experimental success, theorists predicted at least three structures of nanothread from different perspectives, including the very narrow tube (3,0) [20] , polymer I (through direct simulation of high-pressure benzene) [21] , and polytwistance (through the extension of twistance molecules into an extended helix) [22, 23] . Actually, the precise atomic structure of the carbon nanothreads is not yet known from experiments. In this regard, Crespi and his colleagues have conducted a systematic topological and structural enumeration of all possible bonding geometries within a one-dimensional stack of six-fold rings [21, 24] based on density functional theory (DFT) calculations. Overall, 50 distinct polymerization pathways have been identified leading to 50 distinct structures. Each topological unit cell of one or two benzene rings contains at least two bonds interconnecting each adjacent pair of rings.
Specifically, 15 of these structures are identified as the most stable members, with the per carbon atom energy within 80 meV.
As illustrated in Figure 1 , these 15 stable nanothreads can be divided into three groups based on their structural properties, including achiral, stiff chiral and soft chiral. All three previously proposed sp 3 nanothreads, i.e., tube (3,0) [20] , polymer I [21] , and polytwistance [22, 23] , show low energy and are included in these 15 stable nanothreads.
The identification number for each model represents its bonding topology [24] .
Specifically, in the achiral group, structures 135462 and 153624 have crystallographic units cells with 24 carbon atoms. The chiral nanothreads have long translational unit cells, but only 2 carbon atoms (for structure 143652, the polytwistance), 6 carbon atoms for (structure 135462), or 12 carbon atoms in the helical repeat unit. All models listed in Figure 1 have binding energies well within the range of known CxHx hydrocarbons. The numbers for each model represent how it is formed from the benzenes. Adapted with permission from [24] . Copyright 2016 American Chemical Society.
XX.2.2 Experimental synthesisation
The experimentally synthesised diamond nanothreads are analogue to polymer I, which is a combination of tube (3,0) (structure 123456 in Figure 1 ) and the so-called StoneWales (SW) transformation defects (structure 135462 in Figure 1 ). As illustrated in Figure 2 , the diamond nanothread can be regarded as hydrogenated (3,0) CNTs connected with SW transformation defects [20] . Apparently, the existence of SW transformation defects interrupts the central hollow of the structure, and differ them from the hydrogenated (3,0) CNTs. The DNT is obtained from high-pressure solid-state reaction of benzene, a complete synthesisation and characterization process can be find from Reference [19] . In general, four possible hydrogen-carbon isotopic combinations of benzene were firstly loaded as solids at low temperature into encapsulated metal gaskets to avoid evaporation. The samples were then compressed to 20 GPa at room temperature, and maintained at this pressure for one hour. Afterwards, the sample was slowly decompressed at average rate varying from 7 GPa/h to 2 GPa/h to ambient pressure. While to off-while/yellow solids were obtained from the encapsulated gaskets, which contain the DNTs as verified from a serial of characterization results.
XX.3 Mechanical Properties
Understanding of the mechanical properties of the material is usually a pre-requisite for its engineering implementations. An initial glimpse of the mechanical properties of new nanomaterials can be achieved through DFT calculations. In this regard, DFT calculations show a wide range of Young's modulus for the DNTs, ranging from 0.08 to 1.16 TPa [24] . A more in-depth understanding of the mechanical properties of nanomaterials can be obtained from large-scale molecular dynamics (MD) simulations.
This section will brief the excellent and tunable mechanical properties of DNTs as acquired from MD simulations.
XX.3.1 Excellent mechanical properties
The initially examined DNTs have the same atomic structure as proposed from the experimental work [26] , i.e., the DNT is comprised of by (3,0) tube and SW transformation defects. For notation convenience, a DNT unit cell with n poly-benzene rings between two adjacent SW transformation defects is denoted by DNT-n, e.g.,
DNT-8 has four poly-benzene rings with a length approximating 4 nm (Figure 2 ). In addition, the whole DNT is approximated as a solid cylinder with a diameter of 0.5 nm (the approximate distance between exterior surface hydrogens) [26] .
According to the tensile simulations [26] based on ReaxFF potential [27] , the DNT-8 has a tensile stiffness around 850 GPa, and the yield strain is approximately 14.9%.
From the stress-strain curve, the ultimate stress of DNT-8 is about 134.3 GPa or 26.4 nN, which is over twice the strength of carbyne [4] . By introducing a virtual sticky surface to bend the DNT, a bending stiffness around 770 kcal/mol×Å is estimated.
Comparing with the (5,5)CNT (rigidity on the order of 100000 kcal/mol×Å) and carbyne (rigidity around 30 to 80 kcal/mol×Å), the DNT is more like a rigid yet flexible molecule [26] .
XX.3.2 Brittle-to-ductile transition
Besides the excellent mechanical properties, the DNT is also exhibiting a tunable mechanical property. Reconsider the atomic structures illustrated in Figure 2 , different number of poly-benzene rings can be introduced between the two adjacent SW transformation defects. It is found that the DNT unit cell has less energy when more poly-benzene rings are presented [28] (see Figure 3a) . This result indicates that the DNT structure can be tailored through the poly-benzene rings. Our recent works [28] (based on AIREBO potential [29] ) show that DNTs made from different unit cells (i.e., containing different number of poly-benzene rings) exhibit similar yield strength, but different yield strain and effective Young's modulus (or tensile stiffness). These results signify a strong correlation between the mechanical properties of the DNT and its geometrical structure. It is further found that the failure behaviour of the DNT is controlled by the SW transformation defect region. As illustrated in Figure 3b and 3c, there is a clear stress concentration around the defect region during tensile deformation, which is also the location that failure initiates. Most strikingly, the DNT exhibits a transition from brittle to ductile characteristic.
As shown in Figure 4a , the DNT-n with longer poly-benzene (larger n) exhibits a classical brittle behaviour with a monotonically increased stress-strain curve; whereas, the DNTs with short poly-benzene, such as DNT-2, shows a clear hardening process besides the monotonically increased portion. The most interesting feature is that the hardening process has greatly deferred the failure of the DNT, and the hardening duration increases gradually with the decrease of the constituent poly-benzene length.
Through the tensile deformation in a confined region, the poly-benzene rings are found to exhibit a classical brittle behavior (curve P-20), which is not affected by increasing the region length/scope (curve P-182 in Figure 4b ), signifying a brittle characteristic of the poly-benzene sections. However, for the SW transformation defect region, an extra hardening process is observed (black stress-strain curve 5 in Figure 4b ), which endows it with a yield strain approaching 25%, more than twice of that extracted from the confined region with only poly-benzene rings. Such results imply the ductile characteristic of the SW defect region, which is resulted from the initial bond breaking at the pentagon carbon rings. In other words, the ductility of DNT can be controlled by altering the number of SW transformation defects. 
XX.3.3 General mechanical properties
Considering the diversity geometries of DNTs, it is of great interest to know how other DNTs would behave under tensile loading. As compared in Figure 5a , DNTs behaves differently from each other [30] . In general, the DNT-I (polymer I) and DNT-III (an initially helical DNT, 134562) have similar failure strain, while the DNT-II (polytwistane) shows a much larger failure strain. Such different tensile properties are originated from the different stress distributions of the DNTs under tensile loading.
According to the atomic configurations, the DNT-I shows a stress concentration at the connecting carbon bonds between the two coupled pentagonal carbon rings ( Figure 5b ).
Such stress concentration regions uniformly occur along the length direction, and the failure of the DNT is initiated from these regions with increasing strain. In comparison, the polytwistane (DNT-II) shows a generally even stress distribution pattern during tensile deformation (Figure 5c ), which is reasonable as it has a uniform structure with its carbon skeleton analogous to (2,1) carbon nanotube [31] . The most striking feature is that the helical DNT-III shows a double-helix stress distribution pattern as plotted in Figure 5d . Specifically, one of the two carbon helixes is experiencing a strong tensile stress (i.e., absorbing most of the tensile strain), with the other one under minor compressive stress state. With increasing strain, failure is triggered along the helix with tensile stress. Overall, these results suggest that there is big room to tune the mechanical properties of DNTs. The atomic stress distribution of the three DNTs at the strain of 12% (before failure) along the stretch direction. Atoms are coloured according to the atomic stress along the length direction. Adapted from [30] , with permission from Elsevier.
Since the DNT is normally comprised of by pentagon, hexagon, heptagon and octagon carbon rings, its carbon bond length ranges from 1.51 to 1.67 Å (at 0 K) [24] .
Owing to these long and non-uniformly distributed carbon bonds, the temperature is found to exert an obvious influence to their tensile properties [30] . Figure 6a shows the failure strength of DNT-III decreases from ~ 79 GPa to ~ 27 GPa when the temperature changes from 1 K to 300 K, corresponding to more than 60% reduction. Similar results are also observed from DNT-I and DNT-II. As compared in Figure 6b , the relative failure strength ( ) decreases with the increase of temperature for all examined DNTs.
Here , with and represent the failure strength at the temperature of N and 1 K, respectively. In comparison, the yield strain shows a similar decreasing tendency, but Young's modulus appears independent of temperature. The significant temperature impacts on the mechanical properties of DNTs can be explained from the perspective of the coefficient of thermal expansion (CTE) [32] . Figure 6c shows the cumulative density function (CDF) of the carbon bond length of DNT-III at the temperature of 1, 50 and 300 K. As is seen the carbon bond length has a larger range at higher temperature, indicating both bond shortening and lengthening at increased temperatures. The presence of longer carbon bonds, with correspondingly lower C-C bond strength, will lead to bond failure at lower stress, and thus lead to smaller failure strength/strain. In addition, the free lateral/bending vibration of the DNT at higher temperature is also a crucial factor that affects its mechanical performance.
As compared in Figure 6d , the DNT-III can maintain its helical structure well during tensile deformation at low temperature (1 K). However, at higher temperature (50 K in Figure 6e ), obvious offset of the DNT's axis is observed, which is resulted from the lateral vibration. These offset is more obvious in the case of 300 K (Figure 6f) , which changed the double-helix stress distribution pattern as observed at 1 K. In all, the temperature exerts a significant impact on the mechanical properties of the DNT.
XX.4 Thermal Conductivity
Accompanying with the excellent and tailorable mechanical properties, the DNT is also showing intriguing thermal transport properties. This section will introduce the thermal transport properties of DNTs with SW transformation defects as obtained from nonequilibrium molecular dynamics (NEMD) simulations (based on AIREBO potential [29] ).
XX.4.1 Superlattice thermal transport characteristic
As aforementioned, the SW transformation defects interrupt the continuity of the (3, 0) tube, which also induce the "interfacial thermal resistance" or Kapitza resistance (KR).
As plotted in Figure 7a Adapted from [28] , with permission from Elsevier.
Besides the abrupt temperature drop as induced by the phonon scatting at the SW transformation defect region, the DNT is also exhibiting a superlattice thermal transport characteristic [28] . As illustrated in Figure 8a , the thermal conductivity increases as the sample length increases, irrespective of the number of poly-benzene rings. In particular, for a given sample length, as the number of poly-benzene rings increases, the estimated thermal conductivity initially decreases for smaller n, and then undergoes a relatively smooth increase. Through the normalization of the results by the minimum thermal conductivity, a consistent scaling behaviour is observed (Figure 8b ). Such interesting feature have also been observed in thin-film [37] , nanowire [38] and superlattices [39, 40] . for the one longitudinal and two transverse branches, respectively [42] (which can be derived from the elastic Lame's constants , , and the mass density [43] ). Overall, the primitive estimation shows that the DNT possess a coherence length around 5.6 nm, which is close to the length of a DNT-11 unit cell and agrees well with the result in Figure 8b . Therefore, for the DNT with poly-benzene number smaller than around 10 (left region in Figure 8b ), phonon transport is largely dominated by wave effects including constructive and destructive interferences arising from interfacial modulation.
While, in the right region, phonon waves lose their coherence and transport is more particle-like. Similar results are also observed from graphene/h-BN superlattices [39] , i.e., the minimum thermal conductivity occurs at a transition from wave-dominated to particle-dominated transport region.
XX.4.2 Length and temperature dependence
Similar as observed from other 1D nanomaterials, such as diamond nanorods [44] , or
CNTs [33] , the thermal conductivities of DNT has a strong length dependency. It is found that the thermal conductivity increases with the length of DNT. As shown in Figure 9a , the inverse of the estimated thermal conductivity for the DNTs follows a 
linear scaling relationship with the inverse of its length. Such linear scaling behaviour follows the linear relationship as derived from the kinetic theory [45, 46] , that is,
. Here, and are the size dependent and converged (when sample size is large enough) thermal conductivity, respectively. L is the sample length, and is the MFP. This linear scaling behaviour of thermal conductivity has also been commonly found in other 1D nanostructures [45, [47] [48] [49] , 2D nanoribbons [50, 51] , and bulk materials [46] . In addition, the thermal conductivity of DNTs also changes with temperature. As illustrated in Figure 9b , the thermal conductivity gradually decreases with temperature, and roughly obeys the law. Similar results are also obtained by using equilibrium molecular dynamics (EMD) simulation [52] . According to the Boltzmann transport equation, the phonon thermal conductivity is expressed as at a given temperature [53] . Here , and are the specific heat, phonon group velocity and phonon relaxation time of phonon mode j. The phonon relaxation time is mainly limited by boundary scattering and the three-phonon umklapp scattering
processes [54] . At high temperature, the role of umklapp scattering is dominating, and the scattering rate of the Umklapp process is proportional to temperature [55, 56] . That is the thermal conductivity drops steadily with the increasing temperature for homogeneous materials, and obeys a power-law dependence with an exponent of −1.
The results in Figure 9b show an obvious deviation from law at high temperature, which is considered as resulted from the weakening effect as induced by the additional phonon scattering at SW transformation defect regions.
XX.4.3 Comparisons with carbyne chain
It is of great interest to compare the thermal properties with other 1D carbon chain, the carbyne chain. Essentially, carbyne chain is a 1D sp-hybridized carbon allotrope which has two forms including a-carbyne (polyyne, with alternating single and triple bonds) and b-carbyne (cumulene, with repeating double bonds). Though the existence of this ultrathin carbon has been debated [57] , several experimental works have reported its synthetization or fabrication [58, 59] . Recent work shows that cumulene can transition to polyyne at the temperature of 499 K, and the transition is very fast within 150 fs [60] .
Using NEMD simulation, the thermal conductivity for cumulene (with 50 carbon atoms) is about 83 W/mK at 480 K. Considering that the cumulene is metallic, the electronic contribution to the thermal conductivity can be estimated from the Wiedemann-Franz law . Here, is the Lorenz number, T is temperature and is electrical conductivity (~ 1.6 ´ 10 2 S/m). In this regard, the electronic contribution is around 1.11 ´ 10 -3 W/mK, which is ignorable compared with the phonon thermal conductivity. Meanwhile, a much smaller thermal conductivity is estimated for the same polyyne chain, around 42 W/mK at 500 K. These results suggest that the carbyne chain has a same order of thermal conductivity as that estimated for DNT from
both EMD simulations [52] and NEMD simulations [28] . Additionally, the simulations show that with a small percentage of defects (4%), the thermal conductivity of polyyne chain will suffer a substantial decrease (from 42 to 5.5 W/mK). Here, the defect in polyyne chain is the carbon bond that is shorter than that of the single bond but longer than double and triple bonds, which is seen when the heating rate is high than around 2.5 K/fs or if the cumulene chain is initialized at a temperature over 499 K [60] in the DFT calculations.
The underlying mechanism of the remarkable thermal transport difference among cumulene, polyyne, and polyyne with 4% defects can be explained by comparing the heat current autocorrelation function (HCACF, ). As is known, the decay of HCACF in bulk material is exponential, and the initial fast decay is due to high-frequency phonon modes while slow decay arises from low-frequency phonon modes [60] . According to Figure 10 , the cumulene exhibits a rapid initial decay followed by a long time decay (around 15 ps), while, the polyyne shows a shorter decay time, about 10 ps. Theoretically, high-frequency phonons have a limited contribution to thermal conductivity due to their low group velocity. That is, the large difference in relaxation time for long-wavelength phonons along the chain is responsible for the remarkable difference in thermal conductivity between cumulene and polyyne. Meanwhile, the HCACF of defective polyyne is much lower than that of the pristine polyyne. As shown in Figure 10b , the HCACF of the defective polyyne has regular high-frequency oscillations, and the decay time is remarkably shorter comparing with that of the pristine polyyne and cummulene. These defective carbon bonds are supposed to induce increased phonon scattering, and thus introduces localized vibrational modes that reduces thermal conductivity. In all, both carbyne chain and DNT has a tunable thermal conductivity. The difference is that the carbyne chain is realized through the phase change, while the DNT is through the structural change.
XX.5 Applications of Diamond Nanothread
The intrinsic geometry of the DNTs and also their excellent mechanical properties are expected to offer great potential applications in the field of nanocomposites. In this context, the applications of DNT as reinforcements for nanocomposites have been discussed recently by choosing the high-density polyethylene (PE) as a representative polymer [61] . Figure 11a shows the polymer model comprised of by pristine linear polyethylene molecule and DNT-2, which was constructed through the packing module , and the polymer has an experimentally measured density of 0.92 g/cm 3 [63] . The atomic interactions within the polymer and the DNT were described by the polymer consistent force field (PCFF) [64] , which has been shown to reproduce well the mechanical properties, compressibility, heat capacities and cohesive energies of polymers and organic materials. The 6-9 Lennard-Jones (LJ) potential was applied to describe the van der Waals (vdW) interactions with a cutoff of 12.5 Å, and the Ewald summation method was employed to treat the long-range Coulomb interactions [65] . The pull-out of the DNT is realized by applying a constant velocity to one end of the DNT and fixed the four edges of the polymer (Figure 11b and   11d ), which closely mimics the experimental setup [66, 67] . As illustrated in Figure 12a , the total energy change ( ) increases with the sliding distance and saturates at a value of ~ 9.5 eV when the DNT is fully pulled-out from the PE matrix. Basically, the potential energy of the whole system comprises the sum of all the covalent bonds, van der Waals and Coulombic interactions. Considering that there is no bond breaking or disassociation under the PCFF force field, the total energy change is mainly attributed to the change of the vdW and electrostatic energy. As is seen in Figure 12a , the total vdW energy change ( ) is similar to the total energy change (~ 9.5 eV), indicating the electrostatic interaction is very weak an ultra-thin (4,0) CNT from the PE matrix shows a total potential energy change around 12 eV, leading to an ISS of ~ 54 MPa. In literature, the interfacial shear strength at the PE/CNT(10,10) interface [72] is about 33 MPa and PE/CNT(10,0) interface [68] is about 133 MPa. These results suggest that despite the hydrogenated surface, the DNT has comparable interfacial shear strength compared to CNT. It is supposed that during the pull-out, the PE matrix will deform in both normal and interfacial (pull-out) directions. That is, the weaker vdW interaction at the PE/DNT interface is in effect assisted by mechanical interlocking, and therefore leads to a comparable ISS with that of the PE/CNT interface.
Given the high tunability of the DNT's structure, further pull-out tests have also been conducted to explore the effective ways to enhance the load transfer at the interface. As compared in Figure 13a , the similar ISS for the polymer with different DNT structures suggest that the number of Stone-Wales defects exerts insignificant
influence on ISS for the examined models. However, by increasing the polymer density from 0.92 to 1.00 g/cc [63] , an obvious enhancement of ISS is observed, which is due to the increased vdW interaction sites. Furthermore, by adding 5% of randomly distributed -C2H5 functional groups to the DNT surface (as is commonly applied to CNTs [72] [73] [74] ), an increase of about 20% in ISS is observed (from ~ 58 MPa to ~ 68 MPa). According to Figure 13b , the additional functional groups will not only increase the vdW interaction sites between DNT and PE matrix, but also result in more local deformation of polymer during pull-out. Apparently, the functional groups appear more effective in enhancing the load transfer at the interface comparing with the polymer density and DNT structure. Overall, the un-covalently embedded DNT is found to possess similar interfacial shear strength with the polymer comparing with that of CNT. Considering its hydrogen surface, it is easy to introduce cross-links between DNT and the host polymers, which will thus enable strong load transfer between DNT and polymer. Recall the excellent mechanical properties, the mechanical properties of the polymer would be greatly enhanced. Meanwhile, the relative higher thermal conductivity of DNT will also greatly enhance the thermal performance of the polymers, which has already seen in the CNT or graphene embedded nanocomposites [74] [75] [76] .
XX.6 Summary and Future Directions
As a novel 1D ultra-thin carbon nanostructure, the research on diamond nanothread is still at the early stage. The experimental synthesisation success and also the DFT calculations have suggested that they are many different kinds of diamond nanothreads.
Current MD simulations have shown that DNT possesses not only excellent and tunable mechanical properties, but also a superlattice thermal transport characteristic.
Considering the diversity of their structures, a great effort is still expected in interpreting their physical, chemical, and other properties.
Along with their physical and chemical properties characterization, extensive attempts are also expected to unveil their potential applications in various fields. It is expected that this novel diamond nanothread would offer the potential for improved load transfer through covalent bonding, efficiently transferring their mechanical strength to a surrounding matrix and thus allowing for technological exploitations in fibres or fabrics [19] . In this regard, the applications of DNT as reinforcements for nanocomposites have already been discussed [61] , and it is found that the un-covalently embedded DNT shows similar interfacial shear strength with the polymer comparing with that of CNT. While, considering its hydrogenated surface, it is relatively easy to introduce covalent interactions, or even cross links with other DNT threads. This could create multi-thread structures, and it is expected to greatly enhance the load transfer.
Additionally, nanothreads are also expected to allow for very large electric fields at their ends and a negative electron affinity similar to that reported for hydrogenterminated nanodiamond surfaces [77] , making them attractive for field-emission applications [19] .
